Chemical radiation protection has a history of about 5 decades, when the first report appeared that the natural amino acid cysteine protected mice against radiationinduced sickness and mortality. 5 Since then, several compounds with varied chemical structures and pharmacological properties have been screened for their radioprotective ability in mammals, but the practical applicability of the majority of these synthetic compounds remained limited, owing to their high toxicity at their optimum protective dose. 6, 7 Most of the chemical compounds were found to be protective for tumor as well as normal tissues against ionizing radiations, and there is a need to develop a novel radioprotector that could protect only the normal tissue, not the tumor tissue. Plants or plant products may exhibit such differential radioprotection. Emblica officinalis has shown antitumor activity in mice against chemicalinduced skin carcinogenesis. 7 Herbal drugs offer an alternative to synthetic compounds and have been considered either nontoxic or less toxic; this has given impetus to screen herbal drugs for their radioprotective ability. Ayurveda, the Indian system of medicine dating back 5000 years, has been an integral part of Indian culture and materia medica. Ayurveda extensively uses plant-derived compound formulations for the treatment of various ailments after a careful study into the type of the disease. 8 Studies carried out in the past decade and a half have shown that herbal preparations like Liv. 52, Mentha, Abana Triphla, and R adiotherapy is an important modality for cancer cure, and it is estimated that about one half of cancer patients derive benefit from it. To obtain optimum results, a balance between the total dose of radiotherapy delivered and the threshold limit of the surrounding normal tissues is required. To obtain better tumor control with a higher dose of radiation, normal tissues should be protected against radiation injury. Thus, the role of radioprotective compounds is important in clinical radiotherapy. Ionizing radiation causes damage to living tissues through a series of molecular events such as photoelectric, Compton, and Auger effects, depending on the radiation energy. The main free radicals resulting from aqueous radiolysis are OH, H, e aq -1 , HO 2 , H 3 O + , and others. [1] [2] [3] These free radicals react with cellular macromolecules, such as DNA, RNA, proteins, and membrane, and cause cell dysfunction and mortality. These reactions take place in tumorous as well as normal cells when exposed to radiation. The radiation damage to a cell is potentiated or mitigated depending on several factors, such as the presence of oxygen, sulfhydryl compounds, and other molecules in the cellular milieu. [2] [3] [4] 
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Jamun reduced radiation-induced damage in different study systems. [9] [10] [11] [12] [13] [14] The small intestine represents one of the major doselimiting normal tissues in radiotherapy because of its high radiosensitivity. The intestine has valuable quantitative parameters as well as serially arranged qualitative cellular configuration.
Emblica officinalis Gaertn., family Euphorbiaceae, is extensively found all over India. The fruits of this plant have been used in Ayurveda as a potent rasayana. 15 As far as the authors are aware, this plant has not been tested for its radioprotective potential in the intestine. Therefore, the present study is an attempt to evaluate its possible protective effects on the intestine in mice against radiation exposure.
Materials and Methods

Animal Care and Handling
Adult male Swiss albino mice (6-8 weeks old) weighing 23 ± 2 g from an inbred colony were used for the present study. The animals were maintained on standard mouse feed (Hindustan Lever Ltd, Mumbai, India) and water ad libitum. Four animals were housed in a polypropylene cage containing paddy husk (procured locally) as bedding throughout the experiment. Animal care and handling were performed according to guidelines issued by the World Health Organization and the Indian National Science Academy. The ethical committee of the Department of Zoology approved the present study.
Preparation of the Extract
Emblica officinalis was identified (No RUBL 19885) by a competent botanist of the Botany Department, University of Rajasthan, Jaipur, India. Fresh fruits of the E officinalis plant were collected locally during February through April of the year. These were cleaned, cut into small pieces, shade dried, powdered, and extracted with double distilled water (DDW) by refluxing for 36 hours (12 hours × 3). The extract thus obtained was vacuum evaporated so as to make it in powder form. The extract was redissolved in DDW just before oral administration. The yield of the E officinalis extract (EOE) was approximately 38%.
Determination of Acute Toxicity of EOE
The acute toxicity of EOE was determined according to Prieur et al 16 and Ghosh. 17 Briefly, the animals were fasted by withdrawing food and water for 18 hours. The fasted animals were divided into various groups of 8 each. Each group of animals was administered various doses, 50,100, 200, 400, and 800 mg/kg body weight, of the freshly prepared EOE orally once daily for 7 consecutive days.
Animals were provided with food and water immediately after the administration of the drug. Mortality of the animals was observed up to 30 days post-drug treatment, and acute LD 50 of the extract was calculated.
Irradiation
Half an hour after the last administration of DDW or EOE, the animals were exposed to whole body 60 Co gamma radiation (Theratron; Atomic Energy Agency of Canada Limited, Mississauga, Ontario, Canada) in a specially designed, well-ventilated acrylic box. A batch of 12 animals was irradiated each time to 5-Gy radiation at a dose rate of 0.88 Gy/min, at a source-to-animal distance (midpoint) of 77.5 cm.
Selection of Optimum Dose
Dose selection of EOE extract was done on the basis of our previously conducted drug tolerance and animal survival study. 18 Various doses of EOE (50, 100, 200, 400, and 800 mg/kg body weight) were tested against γ irradiation (9 Gy) for radiation sickness and mortality. The optimum dose (100 mg/kg body weight) thus obtained was used for detailed experimentation.
Radioprotective Effect of EOE
Mice for this study were divided into 4 groups. Animals in group 1 were administered orally with DDW (same volume as EOE) to serve as normal controls (Sham irradiated and vehicle treated), whereas animals in group 2 were given EOE orally in a dose of 100 mg/kg body weight/day for 7 consecutive days. Animals in group 3 received an equal volume of DDW (as in group 1) and were exposed to 5.0 Gy gamma rays. Animals in group 4 (experimental) were given EOE (as in group 2) 30 minutes before exposure to 5.0 Gy gamma irradiation.
All animals were monitored for weight change, behavioral changes, mortality, and food and water consumption for up to 30 days. The animals from the above groups were autopsied at 12 and 24 hours and 3, 5, 10, 20, and 30 days postirradiation. A portion of the small intestine (jejunum) was removed from each autopsied animal and examined for histopathological and biochemical alterations after routine procedure.
Biochemical Determinations
The following biochemical determinants were carried out in survivors of the DDW + irradiation and EOE + irradiation groups at 1 hour postexposure.
Reduced glutathione (GSH) assay. GSH content in blood was measured spectrophotometrically using Ellman's reagent as a coloring reagent as per the method of Beutler et al. 19 The intestinal level of reduced GSH was determined by the method described by Moron et al. 20 The absorbance was read at 412 nm using a UV-VIS spectrophotometer (Systronics, New Delhi, India).
Lipid peroxidation assay. The lipid peroxidation level in the intestine and serum was measured using thiobarbituric acid reactive substance by the method described by Okhawa et al. 21 The absorbance was read at 532 nm, using a UV-VIS spectrophotometer (Systronics).
Catalase estimation. Catalase activity was measured in the intestinal cells by catalytic reduction of hydrogen peroxide using the method of Abei. 22
Results
Radioprotective Effect of EOE
Animals receiving 5-Gy irradiation (group 3, DDW + irradiation) manifested radiation sickness within 10 days after exposure. The symptoms included reduction in food and water intake, diarrhea, lethargic nature, emaciation, epilation, and ruffling of fur. Daily administration of the EOE for 7 consecutive days did not cause any radiationinduced mortality (group 2). EOE administration (group 4) delayed the appearance of radiation sickness, for example, diarrhea, irritability, lethargic nature, and reduced food and water intake.
Body Weight
During experimental period, the Sham-irradiated animals (group 1) showed consistent weight gain, gaining 30.23% more weight at day 30. There was a significant decrease in the body weights of the irradiation-only animals (group 3). The irradiated animals (group 4) pretreated with EOE (100 mg/kg body weight/day) showed a significant increase in body weight when compared with irradiated group (group 3). However, this increase in the body weight was less than in the Sham-irradiated animals (group 1; Figure 1 ).
Intestinal Parameters
Villus length. Radiation caused a decrease in the maximum height of villi with time; the maximum effect was visible on the first day after irradiation but reduced to 10% on day 3. A recovery in villus length was seen on days 5 and 10, but the recovery was slow. As quantitative data revealed, a slight alteration in villus length occurred in the EOE-pretreated group (group 4) after 5-Gy irradiation. A significantly higher length was observed on days 3 and 5. Recovery was faster and a near normal length was measured on day 10, with a significant difference when compared with the control (group 3; Table 1 ).
Crypt and crypt cells. After irradiation (group 3), the viable crypt cells per crypt decreased in a time-dependent manner up to 3 to 4 days. After 5 days, the population of these cells increased gradually at the subsequent autopsy intervals and reached near normal at a later period in the study. In EOE-pretreated experimental animals (group 4), the number of crypt cells was considerably increased at all the autopsy intervals. The percentage of these cells increased continuously from the initiation of treatment (12 hours) till the end of the experimentation (Table 1) .
Mitotic figures.
Radiation damage was also evident in the alteration in the number of mitotic figures in the crypt cells. The frequency of such figures was reduced to nearly half when compared with the normal on the first day after irradiation. It was followed by an increased number on day 3 with a continuous elevation until day 10, but these did not attain a normal value until 30 days after exposure. The number of mitotic figures per crypt section in the drugtreated animals (group 4) was higher than the corresponding control throughout the period of the study. A statistically significant difference in the number with respect to controls (group 3) was noticed until day 10 after treatment, but later it was found to be near normal (Table 1) .
Dead cells. The highest frequency of apoptotic cells/crypts was observed at day 1, which was followed by a fall on day 3 and continued to decrease at subsequent autopsy intervals, returning to a near-normal value at the end of experimentation. The changes observed in the number of apoptotic cells in EOE-pretreated irradiated animals (group 4) was similar to the control (group 3), but the percentage was significantly reduced on day 1. The subsequent intervals showed a progressively lower number of these cells returning to an almost normal level at later autopsy intervals (Table 1) .
Biochemical Determinations
No significant alterations in the intestinal and blood GSH contents were observed between normal (group 1) and EOE-treated animals (group 2). However, a statistically significant (P < .001) decrease in GSH was evident in control animals (group 3). Experimental animals (group 4) showed a significant increase in GSH content (blood and intestine) with respect to control, but the values remained below normal ( Table 2 ). Administration of EOE alone before irradiation did not alter lipid peroxidation (group 2). Exposure of animals to γ radiation increased lipid peroxidation in group 3, whereas it was significantly reduced in the EOE + irradiation group (Table 2) . Treatment with E officinalis alone (group 2) elevated catalase levels significantly in the non-irradiated group, whereas radiation exposure significantly reduced the catalase concentration (group 3). A significantly increased concentration of catalase activity was observed in animals administered EOE before irradiation (group 4).
Discussion
There is continued interest and need for the identification and development of effective nontoxic radioprotectors that could potentially protect humans against the deleterious effects of radiation in occupational as well as therapeutic settings, especially during the treatment of cancer. However, most of the radioprotectors studied so far have been reported to exert severe toxic effects at their optimal radioprotective doses, thus inhibiting their applicability in the clinic. 23 Irradiation of animals with 5-Gy γ rays in the present study resulted in radiation sickness within 4 to 6 days after exposure. The symptoms included reduction in food and water intake, irritability, weight loss, lethargy, diarrhea, and ruffling of fur. The death of 60% of the animals exposed to 5 Gy of gamma radiation within 14 days was due to the functional failure of the gastrointestinal (GI) tract. [24] [25] [26] The remaining 40% of the animals died within the next 10 days, exhibiting hemopoietic syndrome and the characteristic symptoms outlined above.
The pattern of survival after EOE treatment was similar to that of the irradiated control group, except that mortality was delayed. This clearly exhibits the effectiveness of EOE in arresting GI death, as the number of survivors for all the treatment groups was higher than in the DDW + irradiation group. The administration of 100 mg/kg EOE was better than the other doses of EOE in reducing GI deaths. A similar effect was observed earlier in this laboratory for diltiazem 27 and Rosmarinus officinalis extract. 28 This reduction in GI death may also be due to the protection of intestinal epithelium, which would have allowed proper absorption of nutrients.
The intestinal parameters measured in the shamirradiated (group 1) and EOE-treated animals (group 2) did not exhibit any significant alteration. A slight variation from the normal values was noticed at certain intervals, which may be attributed to diurnal fluctuations or the age difference among the animals.
Administration of EOE prior to irradiation reduced the severity of radiation damage. In experimental animals, although all the cytolesions such as hydropic degeneration of lamina propria, cytoplasmic degranulation, enucleation of crypts, loosened submucosa and musculature, irregular and loose villus surface, and hyperemia were observed, they were of a milder degree and their appearance was delayed. Compared with the condition in the control group (without EOE), fusion of villi and ruptured tips was never observed in experimental animals (with EOE).
In the present study, a significant decrease in mitotic cells was found on day 1 in the control animals exposed to 5-Gy γ irradiation. When a cell is exposed to a small dose of radiation between late or very early prophase, mitosis stops or the cell reverts to an early prophase. 29 Lesher and Lesher 33 attributed postirradiation reduction in mitosis to blockage of the G 2 phase of the cell cycle. Ionizing radiation affects the cells in all phases, but the degree to which these are affected depends on the phase (G 1 , S, G 2 , or M) in which they were at the time of radiation. [30] [31] [32] The changes in the kinetics of cells can only occur once, and the cells have overcome another wellknown effect of radiation, blocking the progression of the cell through the G 2 phase. Such blocking results in mitotic delay or G 2 arrest. 32, 33 The results of Becciolini et al 34 are also in the agreement with the present study, as the proliferation in 3-Gy irradiated animals had a very low number of mitotic figures at 12 hours, which quickly increased at 36 hours, and remained significantly higher than control. The highest level of proliferation was seen at 48 hours, which was followed by a progressive reduction back to the control level within 5 days.
The appearance of an increased number of apoptotic cells in crypts at the early intervals in the present study may be partly attributed to the death of cells without entering cell division. The number of apoptotic cells started to appear at 12 hours and increased up to the highest level at day 3 in crypts. After this, the number of apoptotic cells started to decline until the last autopsy interval. The occurrence of apoptotic cells in the jejunum was found to be dose dependent, as their count was highest in those animals that were irradiated with a high dose of irradiation. 35 These findings are comparable to those of Quastler, 36,37 Devik, 38 and Singh, 39 who observed that after irradiation a considerable fraction of the cells die during the initial mitotic depression without undergoing cell division. Potten et al 40 explained the reduction in crypt cellularity on the basis that migration of cells from the crypt to the villus continues over the first 24 hours post-irradiation in spite of the fact that cell division is inhibited or severely reduced. Similarly, Nandchahal 41 exposed mice to 3 different doses (4.5, 9.0, and 12 Gy) of whole-body γ radiation and found that total populations of crypt cells was significantly decreased on day 1. Radiation-induced mitotic inhibition also leads to a decrease in crypt cell population. 42 A significant decrease in villus height was observed on day 1 in control animals. The onset of radiolesions was found to be later in villi when compared with crypts, as the villus length and cell numbers started to decrease from day 0.5 to 2 but thereafter increased continuously up to the last autopsy interval. These results are in accordance with the findings of Becciolini et al, 34 who observed reduced villus height after irradiation.
Quantitatively, the cell kinetics followed the same pattern as in control animals (group 3), but in EOEpretreated irradiated mice (group 4), elevation in mitotic figures and cell population of crypts or villi was evident. At all the intervals, the cellular populations in the crypts and villi were found to be higher than the corresponding control at the respective intervals. It is likely that in EOE-pretreated irradiated animals, cell population remained at a higher level because of a lower rate of cell death and increased rate of mitosis when compared with the control. These findings are in agreement with studies that used different radioprotectors against radiation injury in intestine. 11, 43 In EOE-pretreated animals, the number of apoptotic cells/crypts was significantly lower than the control. However, their increasing magnitude with respect to time follows the same pattern as observed in the control. It has been suggested 44 that the activation of c-myc gene in low growth factor concentrations may result in apoptosis. It may be assumed that EOE provides a high growth factor concentration to the cells so that activation of c-myc gene favored proliferation.
The intestinal villi were deformed and shortened in the control animals, but these structures were not severely affected in EOE-treated experimental groups. This could possibly be due to the delay in migration of cells along the villi and the protection afforded by the plant extract, allowing the protected intestinal crypts to cover the villi before they become denuded. The GSH detoxification system is important in cellular defense against a large array of injurious agents. GSH offers protection against oxygen-derived free radicals and cell death following exposure to ionizing radiation. 45 Under normal conditions, the inherent defense system including GSH and antioxidant enzymes protects against oxidative damage. GSH is a versatile protector and executes its radioprotective function through free radical scavenging, restoration of the damaged molecules by hydrogen donation, reduction of peroxides, and mainte nance of protein thiols in the reduced state. 46 The basic effect of radiation on cellular membranes is believed to be the peroxidation of membrane lipids. Radiolytic products including hydroxyl and hydroperoxyl radicals can initiate lipid peroxidation. 47 In the present study, it was observed that Emblica treatment significantly lowered the radiation-induced lipid peroxidation in terms of malondialdehyde. Inhibition of lipid peroxidation in biomembranes can be caused by antioxidants. It has been shown that more α-tocopherol is needed in the membranes to protect polyunsaturated fatty acids against radiation-induced lipid peroxidation when low dose rates are applied. 48 Enzymes involved in primary cytoprotection include catalase, which scavenges hydrogen peroxide efficiently at high concentrations. Catalase decomposes high amounts of hydrogen peroxide and other peroxides, thereby protecting against the oxidative attack of hydrogen peroxide in the cells. Emblica elevated the cellular catalase levels accompanied by an arrest of radiation-induced depletion of catalase in cells. This may relieve the oxidative stress of the cells.
Fruits of Emblica officinalis have been used in Ayurveda as a potent rasayana and also for treatment of diseases of diverse etiology. It is an acknowledged rich source of vitamin C, and the role of vitamin C as a potent antioxidant has been well documented. Amla fruits have ascorbic acid conjugated to gallic acid and reducing sugars, forming a tannoid complex. The antioxidant activity of tannoid-active principles of E officinalis, consisting of emblicanin A (37%), punigluconin (12%), and pedunculagin (14%), has been investigated in the form of their concentrations of the oxidative free radical scavenging enzymes, super oxide dismutase, catalase, and glutathione peroxidase. 49 
Conclusion
The results from the present study suggest that pretreatment of Emblica extract protects mouse jejunum against the radiation-induced reduction in villus height, total cells, and mitotic figures/crypt section. Emblica pretreatment also offers protection against radiation-induced increase in goblet cells/villus section and dead cells/crypt section in jejunum of mice.
